Spin accumulation generated by the anomalous Hall effects (AHE) in mesoscopic ferromagnetic Ni81Fe19 (permalloy or Py) films is detected electrically by a nonlocal method. The reciprocal phenomenon, inverse spin Hall effects (ISHE), can also be generated and detected all-electrically in the same structure. For accurate quantitative analysis, a series of nonlocal AHE/ISHE structures and supplementary structures are fabricated on each sample substrate to account for statistical variations and to accurately determine all essential physical parameters in-situ. By exploring Py thicknesses of 4 nm, 8 nm, and 12 nm, the Py spin diffusion length is found to be much shorter than the film thicknesses. The product of and the Py spin Hall angle is determined to be independent of thickness and resistivity: = (0.066 ± 0.009) nm at 5 K and (0.041 ± In this work, a nonlocal method is used to directly measure the spin current generated from mesoscopic Py films by AHE. In the same structure, The ISHE in Py is generated and detected electrically, complementing previously used spin-Seebeck and spin-pumping methods. With the alternating current (AC) modulation method, the AHE/ISHE signals are extracted from the linear response of the nonlocal voltage difference between two polarities of large magnetic fields. Therefore, the signals are well separated from anomalous Nernst effects, anisotropic magnetoresistance, or regular nonlocal spin signals.
I, Introduction
A pure spin current, which is a flow of spin angular momenta without a net charge current, provides important functionalities for spintronics. Recently, spin Hall effect (SHE) and inverse spin Hall effects (ISHE) have been explored extensively for the conversion between charge current and pure spin current.
1-13 SHE converts longitudinal charge current into transverse spin current. The reciprocal process, inverse spin Hall effect (ISHE), converts spin current into charge current. The SHE/ISHE originates from the strong spinorbit coupling and was initially studied in heavy nonmagnetic metals such as Pt. [6] [7] [8] [9] [10] [11] [12] [13] Later work shows that ISHE also exists in ferromagnetic metal such as Ni81Fe19 alloy (permalloy or Py), [14] [15] [16] which contains lighter elements than Pt. It is an intriguing prospect, because Py is less expensive than Pt and is a commonly used material in spintronics. This also implies that a transverse spin current would coexist with the transverse charge current produced by the anomalous Hall Effect (AHE), which is the reciprocal of the ISHE in a ferromagnet. A direct measurement of spin current or spin accumulation from the AHE is important to spintronics, because the interplay between the spin current from AHE and the anisotropic magnetoresistance in a ferromagnetic metal is predicted to lead to versatile spin transfer switching. 17 The spin-orbit effects that give rise to AHE can also induce additional torques in the spin dynamics driven by short magnetic pulses. 18 However, the ferromagnetic nature of Py complicates experimental efforts of probing the spin current that accompanies AHE. Previous relevant work was conducted in the context of ISHE and has used bilayers of Py and ferromagnetic insulator yttrium iron garnet (YIG). A pure spin current from YIG is produced by a temperature gradient via spin Seebeck effect 14, 16 or by microwave excitation via spin pumping. 15 Because of the ISHE, a charge voltage is generated as the pure spin current propagates through Py. The choice of ferromagnetic insulator avoids entanglements of the magneto-resistive effects from otherwise two ferromagnetic metals. However, direct detection of spin accumulation or spin current induced by AHE in a ferromagnet is still lacking.
In this work, a nonlocal method is used to directly measure the spin current generated from mesoscopic Py films by AHE. In the same structure, The ISHE in Py is generated and detected electrically, complementing previously used spin-Seebeck and spin-pumping methods. With the alternating current (AC) modulation method, the AHE/ISHE signals are extracted from the linear response of the nonlocal voltage difference between two polarities of large magnetic fields. Therefore, the signals are well separated from anomalous Nernst effects, anisotropic magnetoresistance, or regular nonlocal spin signals.
The strength of the SHE/ISHE is often described by a spin Hall angle = ⁄ = , where is the spin Hall conductivity, and σ and are the electrical conductivity and resistivity, respectively. Equally important is the spin diffusion length λ of the SHE/ISHE material. For a thin film that is substantially thicker than λ, the SHE/ISHE can be enhanced by either increasing or increasing λ. Overestimating one leads to underestimating the other. Furthermore, the spin diffusion length is unlikely to be a material constant, because it varies with the dimension and the resistivity of the material.
In this work, we use the product of spin Hall angle and the spin diffusion length , or equvalently , as a figure of merit to quantify the AHE/ISHE in Py.
Accurate quantitative analysis hinges on the accurate determination of all relevant physical quantities, as well as proper treatment of statistical variations between devices.
To this end, several (6 -8) The value of is independent of thickness and resistivity, and comparable to the obtained previously for mesoscopic Pt films.
II, Sample Preparation
The nonlocal AHE/ISHE structures along with two types of supplementary structures are fabricated simultaneously on a single substrate by using shadow mask techniques. 
III, Measurements
Measurements are performed in a pulse-tube variable temperature cryostat at 5 K and 295 K. We describe the measurements using the 5 K results for the sample with 8 nm Therefore, the signal measured between two ends of Py2, as in this work, is equivalent to a subtraction of the two different signals from left and right. More detailed analysis can be found in our previous work by Chen et al. 33 The nonlocal spin signals are symmetrical because parallel states between the spin injector and spin detector are equivalently reached at large positive and negative fields. For SHE, however, the spin accumulation generated by the charge current is unaffected by a reversal of magnetic field, but the magnetization of the spin detector can be switched by the field. This apparent asymmetry of the system leads to the different (asymmetrical) Rs values at large positive and negative fields, which is the signature for SHE/ISHE in nonlocal structures. 7, 28, 34, 35 The Rs reaches negative values around the dips of the curve in Figure 2 In previous work on ISHE in Py with Seebeck method, anomalous Nernst effects can be present and have to be explicitly separated or ruled out. 14, 16, 38 In this nonlocal method, the detected nonlocal voltage is locked to the base frequency of the sinusoidal excitation currents. Thermal effects are excluded, because thermal effects are proportional to the square of excitation current and therefore related to the voltage response at second harmonics. However, the spin currents in the z direction from AHE should be the same. The majority and minority spins move in opposite directions but contribute positively to the transverse spin current. Reversed magnetization switches the roles of majority and minority spins, but will not alter the net spin current or spin accumulation. Therefore, the treatment of spin accumulation from AHE is identical to that of SHE, and we use the term AHE and SHE interchangeably throughout this paper.
The resistance of the Cu/AlOx/Py2 interface is an important quantity to estimate the spin current through the interface and the current shunting effect by the Cu, and it can be measured directly in each AHE/ISHE structure. A current is applied between the right to an increase of resistivity because of surface and edge defects. Therefore, it is important to measure resistivity on films that bear the same thickness and width as the AHE/ISHE structures.
IV, Results and Analysis
In our previous work, 35 we developed an approach to quantitatively analyze the SHE/ISHE of mesoscopic Pt thin films in nonlocal structures. Spin accumulation in Cu channels and Pt thin films can be solved using one-dimensional spin diffusion equations with proper boundary conditions. Also, the spin current across the Cu/AlOx/Pt interface and charge current/voltage shunting near the interface can be well quantified by the resistance of the Cu/AlOx/Pt interface.
Using the same method, the AHE/ISHE signal in Py can be expressed as:
with the definition of the apparent spin Hall angle ′ :
Here the spin absorption coefficient = 2 ( + ) ⁄ describes the amount of spin current across the Cu/AlOx/Py2 interface, and L is the center-to-center distance between the Py1/AlOx/Cu and Cu/AlOx/Py2 junctions. The = ⁄ is the Cu spin resistance with = being the Cu cross-sectional area. The factor = 4 �4 + � ⁄ describes the shunting effect to the ISHE voltage or the AHE-inducing current by the highly conductive Cu through the Cu/AlOx/Py2 interface. 35 The is defined as Table Ι dependence. We also attempted to fit the ′ versus data by using Eq. 2 with an assumed and a free fitting parameter . When using values lower than 1.0 nm,
we could obtain equally good fits. When using = 1.2 nm or higher, the fitted curves obviously deviate from experimental data. Therefore, we conclude that is no more than 1.0 nm and much shorter than the film thickness (4 -12 nm). The short is also consistent with high resistivity measured in mesoscopic Py films, because the Elliott-Yafet model implies that is a constant. Note that the fabrication does not involve etching that may degrade the quality of Py films.
In the short limit: the relation between ′ and can be rewritten as If we continue to assume a constant , the constant values of imply that is independent of thickness and resistivity. This is consistent with the intrinsic or side jump mechanism in spin Hall or anomalous Hall effects. 41 For skew scattering mechanism, the is inversely proportional to electrical resistivity. The intrinsic or side jump mechanism is expected to dominate in the moderately dirty conductors with relatively high resistivity.
Previously, we explored and analyzed the SHE/ISHE in mesoscopic Pt thin films at 5 K using the same method. 35 In Figure 5 , 
V, Conclusion
In summary, large spin accumulation caused by Anamalous Hall effect has been detected electrically using a nonlocal method in mesoscopic NiFe (Py) thin films. Its reciprocal effects, the inverse spin Hall effects, are also generated and detected. A systematic approach is used to quantify the effects and obtain the product of spin Hall angle and the spin diffusion length: = (0.066 ± 0.009) nm at 5 K and (0.041 ± 0.010) nm at 295 K. These values are independent of film thickness and resistivity, and are comparable to that of mesoscopic Pt films. 
